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Source Specificity of Early Calcium Neurotoxicity in Cultured 
Embryonic Spinal Neurons 
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To examine the role of Ca*+ in early neuronal death, we 
studied the impact of free intracellular calcium concentration 
([Ca*+]J on survivability in populations of cultured mouse 
spinal neurons. We asked whether early neurotoxicity was 
triggered by Ca*+ influx, whether elevated [Ca2+], was a pre- 
dictive indicator of impending neuronal death, and whether 
factors other than [Ca2+li increases influenced Ca*+ neu- 
rotoxicity. We found that when neurons were lethally chal- 
lenged with excitatory amino acids or high K+, they expe- 
rienced a biphasic [Ca2+li increase characterized by a primary 
[Ca2+li transient that decayed within minutes, followed by a 
secondary, sustained, and irreversible [Ca2+li rise that in- 
dicated imminent cell death. We showed that in the case of 
glutamate-triggered neurotoxicity, processes triggering 
eventual cell death required Ca*+ influx, and that neurotox- 
icity was a function of the transmembrane Ca*+ gradient. 
Fura- Ca2+ imaging revealed a “ceiling” on measurable 
changes in [Ca2+],that contributed to the difficulty in relating 
[Ca*+J to neurotoxicity. We found, by evoking Ca*+ influx 
into neurons through different pathways, that the chief de- 
terminants of Caz+ neurotoxicity were the Ca*+ source and 
the duration of the Ca2+ challenge. When Ca2+ source and 
challenge duration were taken into account, a statistically 
significant relationship between measured [Ca2+li and cell 
death was uncovered, although the likelihood of neuronal 
death depended much more on Ca*+ source than on the 
magnitude of the measured [Ca2+li increase. Thus, neuro- 
toxicity evoked by glutamate far exceeded that evoked by 
membrane depolarization with high K+ when [Ca2+li was 
made to increase equally in both groups. The neurotoxicity 
of glutamate was triggered primarily by Ca*+ influx through 
NMDA receptor channels, and exceeded that triggered by 
non-NMDA receptors and Ca *+ channels when [Ca2+li was 
made to rise equally through these separate pathways. The 
greater neurotoxicity triggered by NMDA receptors was re- 
lated to some attribute other than an ability to trigger greater 
[Ca*+], increases as compared with other Ca2+ sources. We 
hypothesize that this represents a physical colocalization of 
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NMDA receptors with Ca *+-dependent rate-limiting process- 
es that trigger early neuronal degeneration. 

[Key words: calcium, spinal neurons, glutamate receptors, 
NMDA receptors, neurotoxicity, fura- 

Calcium influx into cells has been termed the “final common 
pathway of cell death” (Schanne et al., 1979). Since then, an 
excessive or sustained intracellular Ca2+ accumulation has been 
implicated as a trigger for neuronal degeneration (for reviews, 
see Choi, 1988; Meyer, 1989; Siesjo and Bengtsson, 1989; Fa- 
rooqui and Horrocks, 199 1). The CaZ+ neurotoxicity hypothesis 
is consistent with the observation that Ca2+ accumulates in 
nervous tissue in cerebral ischemia (Siesjo, 1988; Siesjo and 
Bengtsson, 1989; Uematsu et al., 1991) in epilepsy (Meyer, 
1989; Uematsu et al., 1990) and possibly in trauma (Balentine, 
1988; Faden et al., 1989). In these disorders, neuronal Ca2+ 
overload may be triggered by several mechanisms, the most 
noted of which is the toxic release of the excitatory neurotrans- 
mitter glutamate through synaptic overactivity (for review, see 
Rothman and Olney, 1987). Considerable experimental evi- 
dence supports the notion that excessive exposure to certain 
excitatory amino acids (EAAs) causes CaZ+ influx and neuro- 
toxicity (Rothman, 1984; Choi, 1985, 1987; Rothman and Ol- 
ney, 1986; Choi et al., 1987; Murphy et al., 1988; Scharfman 
and Schwartzkroin, 1989; Randall and Thayer, 1992). Ca2+ in- 
flux has been associated with early neuronal degeneration arising 
within minutes following a brief EAA challenge (Randall and 
Thayer, 1992) or with delayed neurotoxicity occurring up to 
many hours following the initial insult (Choi et al., 1987; Roth- 
man et al., 1987; Koh and Choi, 1991; Weiss et al., 1990). 
However, although many studies implicate Ca2+ influx in the 
neurotoxic process (Jancso et al., 1984; Choi, 1985; Garthwaite 
et al., 1986; W. J. Goldberg et al., 1986; Olney et al., 1986; 
Choi, 1987; Murphy et al., 1988; Ellren and Lehmann, 1989; 
M. P. Goldberg et al., 1989; Kurth et al., 1989; Marcoux et al., 
1990) its contribution to toxicity following an insult has been 
difficult to separate from that of a multitude of non-Ca*+-de- 
pendent processes set in motion at the same time (e.g., activation 
of Na+, K+, and Cll conductances; see Rothman, 1985). A 
further problem in establishing a clear link between Ca*+ influx 
and toxicity has been the difficulty in demonstrating a relation- 
ship between Ca2+ load and neuronal death: while some reports 
suggest a correlation between the magnitude of the rise in free 
intracellular calcium concentration ([Ca2+],) and neurotoxicity 
(Milani et al., 1991), others could not demonstrate such asso- 
ciations (Michaels and Rothman, 1990; Dubinsky and Roth- 
man, 1991). Moreover, some studies provide evidence that is 
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seemingly contradictory to the Ca*+ hypothesis (e.g., Price et 
al., 1985; Lemasters et al., 1987; Collins et al., 1991). Given 
this controversy, a causal link between CaZ+ influx and neuronal 
death needs further investigation. 

The present experiments, therefore, were designed to clarify 
the role of Ca2+ as a trigger for neurotoxicity in an attempt to 
reconcile the difficulties and controversies outlined above. To 
this end, we developed a assay in which large numbers of in- 
dividual neurons were studied quantitatively with respect to 
their [Caz+], dynamics, Ca2+ influx pathways, and the temporal 
relationships between neuronal Ca*+ loading and death. This 
report addresses the following questions. Is there a measurable 
relationship between CaZ+ influx and neurotoxicity? Is a large 
rise in neuronal [Ca2+], a sufficient trigger for neurotoxicity? Is 
one Ca2+ influx pathway more neurotoxic than others? Is the 
degree of neurotoxicity evoked by activating a given Ca2+ influx 
pathway (e.g., the NMDA receptor channel) solely a function 
of that pathway’s ability to generate a large Ca2+ flux? 

Materials and Methods 
Tissue culture. Spinal neurons from E 13 fetal Swiss mice were cultured 
for 2 weeks on glass coverslips coated with poly-D-lysine hydrobromide 
(MW,$ .30,000-70,000; Sigma, P-7280). Dorsal root ganglia were ex- 
cluded during the dissection. For some experiments, the neurons were 
grown in explants of cervical or lumbar spinal cord as described by 
Gahwiler (1981), and in others they were grown as conventional dis- 
sociated primary neuronal cultures (Guthrie et al., 1987). There were 
no noticeable differences in neuronal density or morphology between 
explants cultured from cervical and lumbar spinal segments. All cultures 
were maintained in a humidified 5% CO,. 95% air atmosphere at 36.5”C _, 
and were fed biweekly with a medium containing 58% minimum es- 
sential medium (MEM; GIBCO 410-l loo), 20% fetal bovine serum, 
and 20% distilled water, supplemented with (in mM) 40 glucose, 11.6 
NaHCO,, 0.4 L-glutamine and insulin, 80 biological units/l00 ml of 
medium, balanced to 300 mOsm and pH 7.4 in 5% CO,. At 4 d in 
vitro, the dissociated cultures were treated with 2Opg/ml 5’-fluorodeo- 
xyuridine and 50 &ml uridine for 24 hr to inhibit proliferation of non- 
neuronal cells. Antimitotics were not used for explant cultures, and no 
antibiotics were employed. The presence of neurons and astrocytes in 
the cultures was confirmed by immunocytochemical staining for neuro- 
filament, neuron-specific enolase, and glial fibrillary-associated protein 
(E. Theriault and M. Tymianski, unpublished observations). 

Loading of neurons with calcium indicator. The cultures were incu- 
bated for 60 min in loading medium (78% MEM and 20% distilled 
water, supplemented to 40 mM D-glucose, 1.0 mM Mg*+, and 20 mM 
HEPES, pH 7.4, in 5% CO,) containing 1 PM fura- acetoxymethyl ester 
(fura-2/AM; Molecular Probes Inc.) in a final concentration of 0.2% 
dimethyl sulfoxide (DMSO). The lipophilic membrane-permeant fura- 
2/AM penetrates into neurons, and is converted by the action of intra- 
cellular esterases into the membrane-impermeant fura- salt, which is 
trapped intracellularly as a specific calcium indicator (Grynkiewicz et 
al., 1985). After loading, the cultures were washed for 30 min in loading 
medium without fura- to attenuate any background fluorescence from 
residual extracellular indicator. The fura- fluorescence from individual 
neurons was readily visualized in both dissociated and explant cultures 
despite the thickness of the latter (50-75 rm). Neurons fluoresced more 
intensely than glia and other large cells (Connor et al., 1987). 

Instrumentation. Cultures loaded with indicator were mounted in a 
microscope-stage incubator (Medical Systems Corp. model TC-202), 
and viewed with an inverted microscope (Nikon Diaphot-TMD equipped 
with xenon epifluorescence optics) through a fluorite oil-immersion lens 
(Nikon CF UV-F, 40 x , 1.3 NA) in contact with the coverslip bottom. 
A second-generation microchannel-plate intensified CCD-array camera 
(Quantex Corp. model QX- 100) recorded the 5 10 nm fluorescence emis- 
sions from fura- in neurons excited through narrow band-pass filters 
(340 & 5 nm, 380 ? 6.5 nm; Omega Optical) housed in a computer- 
controlled filter wheel. All data were gathered on a 80386-based com- 
puter, and were archived on an optical disk drive (Panasonic, LF-50 10). 
The system allowed for a maximal time resolution of 2 set between 
successive [Caz+], measurements. 

Calibration. [Cal+], was determined using in vitro-derived conversion 
factors used to generate a calibration curve described by the equation 
[Ca2+], = K,(F,,,,,IF,,,,,)[(R - R,,,)I(R,,, - R)], in which K,, = 224 nM, 
the dissociation constant for fura- (Grynkiewicz et al., 1985; for re- 
views, see Goldman et al., 1990; Moore et al., 1990). To determine 
(FmJFm,J, La,, and R,,,, we imaged a glass-bottom slide with 100 ~1 
chambers containing control solution (see below), 1 FM fura- penta- 
potassium salt, and either a saturating calcium load (1 mM) or zero 
calcium with 10 mM EGTA. A third chamber containing control so- 
lution without fura- was used to generate background images. Typical 
values for conversion factors were Fm,,IFm,, = 10.3 1, R,,, = 0.54, and 
R,,,= 10.48. During experiments, ratio images were generated by gath- 
ering and averaging eight raw fluorescence images from neurons at each 
wavelength (340 nm and 380 nm). Each average was corrected for 
background fluorescence and camera dark current by subtracting a frame 
gathered at the beginning of each experiment at each excitation wave- 
length from an area of the coverslip devoid of cells (Connor et al., 1987). 
The images were then converted on line to calibrated fura- ratio images 
(340 nm/380 nm) using a oseudocolor disolav of fCa”l.. ICa2+1. for 
individual neurons was-he&mined by averaging the [Ca2”],‘valu& for 
all the pixels within a boundary traced around the perimeter of the cell 
soma prior to starting the experiment. The system was recalibrated 
following any adjustments to the apparatus. We were unable to repro- 
duce in our neuronal preparation the in vivo calibrations described by 
others for non-neuronal cells (e.g., Williams and Fay, 1990), because 
when spinal neurons were exposed to varying concentrations of calcium 
ionophore (4-bromo-A23187, 0.5-10 FM), the increase in the fura- 
fluorescence was always interrupted by cell lysis prior to reaching a 
stable end-point. In pilot experiments, the highest value ofR,,, obtained 
immediately prior to lysis was variable (in the 5-7 range), but exceeded 
the highest ratio values observed when [Ca* ’ 1, transients were elicited 
in neurons in the present experiments (see below). Our methods pre- 
cluded the determination of R,,, by applying Ca2+ ionophore at the 
end of each experiment, because cell membrane integrity was a critical 
outcome measure in the present investigations. 

Drugs and solutions. The control solution contained (in mM) 130 
NaCl, 1.3 CaCl,, 4.5 KCl, 22 D-glucose, 20 HEPES, 1.0 sodium pyru- 
vate, and 0.001 glycine. Glycine was omitted in experiments where 
activation of NMDA receptors was undesirable. To produce the 50 mM 
K+ solution, 45.5 mM of KC1 were substituted for NaCl. To produce 
the low-Na solution, NaCl(l30 mM) was omitted and replaced by 130 
mM choline-Cl. All solutions were adjusted to 300 mOsm, pH 7.4, and 
36.5”C prior to administration. Nimodipine (Miles Pharmaceuticals 
Inc.) and 6-cyano-7-nitroquinoxaline (CNQX; Research Biochemicals 
Inc.) stock solutions were prepared in DMSO. w-Conotoxin GVIA (3 
mM; Bachem Inc.) stock was prepared in distilled water. These were 
stored at - 20°C. All other agents were prepared daily in control solution. 
During experiments, the final DMSO concentrations never exceeded 
0.2%, a level that had no effect on [Ca2+], or on neuronal survival in 
pilot studies. 

Neuronal viability assays. Following each experiment, the cultures 
were incubated for 10 min at 36.5”C with ~FLM ethidium homodimer 
and lp~ calcein/AM. Ethidium homodimer binds to nuclear material 
in dead cells, whereas calcein/AM, by virtue of the enzymatic hydrolysis 
of the ester, is retained in living cells (Moore et al., 1990). Thus, when 
excited in the fluorescein range (485-500 nm), dead cells appear red- 
orange, whereas living cells appear green (Fig. 1 C). As a further measure 
of cell viability, the cultures were also superfused for 2 min with 0.4% 
trypan blue stain (Fig. lB), and neuronal viability was confirmed with 
bright-field microscopy. 

Experimental procedure. All experiments were performed at 36.5 f  
5°C. Neurons loaded with fura- were superfused with control solution 
at l-2 ml/min. [Ca2+], was measured simultaneously in several neurons 
in the field throughout the experiments. Baseline [Ca*+], was registered 
for 5-15 min, following which the neurons were exposed to a 50 min 
challenge with either 250 PM glutamate, 50 mM K+ (high K+ ), 100 PM 
NMDA, or 100 FM kainate. The rise in neuronal [Caz+], was measured 
about every 2 set from the onset of the challenge until peak [Ca2+], was 
registered. Then, the frequency of [Ca*+], measurements was gradually 
reduced as [Ca2+], declined, reaching a measurement every 3 min when 
the decay in [Ca2+], ended. Following the 50 min challenge, neurons in 
some experiments were again superfused with control solution for a 
further 30 min. The 2 set interval between successive [CaZ+], measure- 
ments sufficed to resolve the time course of most [Ca*+], transients, 
because the average half-time to peak at 36.5”C was 16.8 f  2.4 set 
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Table. Relationship between Ca *+ deregulation and vital staining 
of dead neurons 

Total Total % No. of 
deregulated stained stained experiments 

Trypan blue 634 628 99.05 107 

Ethidium 
homodimer 296 148 50.00 34 

The neurons were incubated with the vital stains following a 50 min challenge 
with EAAs (NMDA, kainate, or glutamate) as described in Materials and Methods. 
The number of neurons undergoing Ca” deregulation and vital staining was 
counted in each experiment. Total deregulated, total number of neurons that 
underwent Ca7+ deregulation; total stained, total number of neurons staining with 
the indicator. 

(mean -+ SEM; see Fig. 70, inset), and the typical peaks lasted between 
6 and 20 set, depending on the stimulus duration (see Figs. 5B, 70, 
insets). 

Data analysis and display. Statistical analyses were performed using 
ANOVA with post hoc multiple comparisons using the Newman-Keuls 
procedure to determine significant differences between individual group 
means (see section 7.4 in Armitage and Berry, 1987). Linear and logistic 
regression analyses were employed to model and test probabilities of 
cell death. Where appropriate, survival analysis methods using the Kap- 
lan-Meier survival model (see section 14.5 in Armitaae and Berry, 1987) 
were employed to test time-dependent effects. Unless otherwise stated, 
mean values are provided with their standard errors (mean + SE). When 
plotting the time course of neuronal [Ca>+], (e.g., Fig. IA), if the mea- 
sured [Ca*+], eventually rose to values exceeding those ofthe meaningful 
range ofthe calibration curve, the tracings were truncated for the purpose 
of clarity at values around 1500 nM [Ca2+], (asterisks). 

Calculation of[Ca”/, parameters. These are defined as in Figure 3A. 
The parameters were calculated individually for each neuron challenged 
with a Ca2’ load. In the experiments shown in Figures 3, 4, 7, and 10, 
peak [Ca>+], was taken as the highest value of [Ca*+], registered during 
the initial [CaZi], transient. The calcium-time index (CTI; see Fig. 7), 
a measure of the total Ca’+ load evoked by a given challenge (high K+ 
or EAAs) was calculated by integrating [Ca2+], over time from the Ca2+ 
challenge onset, up to-but excluding-the time of CaZ+ deregulation 
or the experimental end-point (whichever came first). Average [Ca*+], , 
the mean value of [CaI+], throughout a challenge (see Figs. 3, 4, 7, lo), 
was taken as the CT1 (area under the curve) divided by the time interval 
over which CT1 was computed (i.e., the average value of a function). 
The criteria by which the time of onset of [Ca*+], deregulation was 
determined are shown in Figure 3A. 

Results 

The digital imaging approach permitted the simultaneous mea- 
surement of [Ca*+], in several cells per experiment (range, 4- 
27), for a total of over a thousand neurons in the studies outlined 
below. Of these, 39 neurons (approximately 4%) were excluded 
from analysis because ofpersistently elevated [Caz+], (>250 nM) 
during baseline measurements. All neurons were cultured for 
14-17 d to obtain a high susceptibility to glutamate neurotox- 
icity that was uniform between cultures (Regan and Choi, 199 1). 
At this stage in vitro, the neurons exhibited extensive neurite 
formation, and were easily distinguished from surrounding cells 
by the presence of oval, phase-bright somata and by the mor- 
phology of their processes. The somal diameters of neurons used 
in these studies averaged 17 f  5.7 pm (mean f  SD). All related 
experiments were routinely performed in sister cultures, and the 
results were replicated in cultures from later dissections. 

“Ca2~’ deregulation” is an indicator of impending neuronal 
death 
To study the relationships between Ca’+ and neurotoxicity, we 
first developed a means to monitor both neuronal [Ca2+], and 

survivability throughout a neurotoxic insult. In contrast to ap- 
proaches where neuronal loss is gauged at a single time following 
a neurotoxic challenge, our method permitted us to study as- 
sociations between neuronal [Ca2+], dynamics and eventual sur- 
vival outcome. Figure 1A shows that when spinal neurons were 
exposed to a 50 min challenge with 250 PM glutamate, [Ca*+], 
rose rapidly, and then decayed to a lower “plateau.” Following 
termination of the challenge, [Ca*+], in surviving neurons re- 
mained at the new plateau, or returned toward basal levels. 
However, many neurons underwent a delayed, sustained, and 
generally irreversible rise in [Ca*+], that often exceeded the dy- 
namic range of the Ca2+ indicator (asterisks in Fig. 1A). This 
phenomenon closely paralleled neuronal staining with the vital 
dye trypan blue (Fig. lB, Table l), indicating that it must have 
preceded-or coincided with-neuronal death. Our observa- 
tions in spinal neurons are in agreement with the recently re- 
ported observation that glutamate-induced [Ca*+], transients 
can trigger delayed Ca2+ overload and neurotoxicity in hippo- 
campal neurons following single (Randall and Thayer, 1992) or 
repeated (Glaum et al., 1990) challenges. We named this phe- 
nomenon “Ca*+ deregulation,” because following its onset, it 
could not be arrested by blocking Ca’+ channels with the di- 
hydropyridine (DHP) nimodipine (1 PM), or by blocking NMDA 
receptors with DL-2-amino-5-phosphonovaleric acid (APV; 50 
PM; data not shown). Also, it was not immediately reversible in 
some neurons by switching to a zero-Ca2 i buffer (data not shown), 
indicating that this secondary rise in [Ca2+], did not result from 
nonspecific plasma membrane leakiness, but more likely from 
a failure of cellular Ca*+ homeostatic mechanisms. 

The process of Ca’+ deregulation was usually followed by 
positive staining with trypan blue or with ethidium homodimer, 
and lasted for up to 30-40 min before membrane lysis as judged 
by the loss of intracellular fura- fluorescence. This supports 
further the notion that secondary Ca2+ overload precedes severe 
damage to the neuronal membrane. Thus, in experiments where 
trypan blue was applied immediately following a neurotoxic 
challenge (no recovery period in control solution), only 75 of 
the 108 neurons undergoing CaZ+ deregulation stained positively 
(69%; see Fig. 7A). However, in a series of 107 experiments 
where a glutamate (250 PM), kainate (100 KM), or NMDA (100 
FM) challenge was followed by a 30 min return to control so- 
lution, 628 of 634 deregulated neurons (99%) stained positively 
with trypan blue, revealing virtually a 1: 1 relationship between 
these phenomena (see Table 1, Fig. 10B). By contrast with 
trypan blue, neuronal viability assessment with ethidium hom- 
odimer fluorescence correlated poorly with Ca2 + deregulation 
(Table I) and grossly underestimated the fraction ofcells stained 
with trypan blue both in spinal explant and in dissociated cul- 
tures. We were unable to improve the sensitivity of this assay 
with different concentrations (0.5-10 FM) of-or incubation times 
(lo-30 min) with-ethidium homodimer. We did not attempt 
to examine neuronal viability with this marker at times ex- 
ceeding 60 min beyond the termination of the glutamate chal- 
lenge. 

Glutamate neurotoxicity is a function of’transmembrane Ca2+ 
gradient and qf glutamate challenge duration 

In our experiments, the glutamate challenge (250 FM L-glutamate 
for 50 min) caused both [Ca2+], increases and neuronal death 
(Fig. 1A). We asked whether the toxicity of glutamate (79.6 k 
13% trypan blue staining) was triggered by CaZi influx, or wheth- 
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Figure 2. Dependence of glutamate-evoked [Ca*+]< increases and neurotoxicity on extracellular Ca2+. Each representative panel (A-D) shows the 
time course of [Ca2+], in several individual neurons in the same experiment. A, Control tracings from neurons in solution containing 1.3 rnM Ca2+, 
illustrating the stability of baseline [Ca*+], throughout the experiments (representative of three experiments). B, Effects of a 50 min challenge with 
250 FM glutamate (horizontal bar) applied to neurons in Ca 2+-free solution containing 100 PM EGTA (representative of six experiments). C, Similar 
glutamate challenge applied to neurons in Ca 2+-free solution prepared without EGTA. Note brief rise in [Caz+], at the challenge onset (arrow; 
representative of three experiments). D, Effects of brief (30 set) applications of 200 PM glutamate (triangles) on [Ca2+], in neurons alternately 
perfused with solution containing 0 Ca2+ (and 100 PM EGTA) or 1.3 mM Ca I+, illustrating the dependence of the glutamate-triggered [Ca2+], signal 
on extracellular Ca2+ (representative of five experiments). E, Ion substitution experiments performed in solution containing 1.3 mM [Ca2+],, 
comparing the neurotoxicity of a 50 min glutamate challenge in control solution (CTRL; 130 mM NaCl, 1.3 mM [Ca*+],) as compared with a low- 
Na+ solution (130 mM choline-Cl iso-osmotically substituted for NaCl; 194 and 67 neurons in 13 and 5 experiments for control and low Na+, 
respectively). 

er it was caused by other, non-Ca 2+ influx-dependent cytotoxic lenge (Fig. 2C). Neurons never underwent CaZ+ deregulation, 
processes coactivated in parallel with- but independently of- and never stained with trypan blue in the absence ofextracellular 
Ca2+ influx. Ca2+. These data confirm previous reports that extracellular 

In the absence of glutamate, [Ca*+], remained at basal levels Ca2+ is necessary to trigger the events leading to delayed Ca2+ 
throughout the period of study, illustrating the stability of the overload and neuronal death (Choi, 1985; Garthwaite et al., 
recordings (Fig. 2A). Figure 2B shows that when neurons were 1986; Choi et al., 1987; Thayer and Miller, 1990). 
perfused in solution containing zero Ca2+ and 100 pM EGTA, Glutamate might also evoke a rise in [Ca*+], independently 
baseline [Ca*+], dropped from about 100 nM to 50-60 nM (com- of CaZ+ influx. This could occur by activating intracellular cas- 
pare with Fig. 24 but glutamate failed to trigger either [Ca2+], cades linked to the metabotropic receptor that, unlike the ion- 
increases or neurotoxicity (six experiments, 53 neurons). These otropic glutamate receptors, is not linked to an ion channel 
results were a consequence of extracellular Ca*+ removal, and (Farooqui and Horrocks, 1991; Opitz and Reymann, 1991). 
not of other actions of EGTA (such as the induction ofadditional Could this alternate pathway cause the observed neurotoxicity 
membrane conductances and membrane depolarization; Kaup- by Ca*+ release from intracellular stores, rather than by the 
pinen et al., 1986), because similar results were obtained in three influx of extracellular Ca2+ (Frandsen and Schousboe, 199 l)? 
experiments repeated in zero Ca2+ without EGTA, apart from Our results are contrary to this hypothesis, because [Ca*+], re- 
a modest brief rise in [Ca*+], at the start of the glutamate chal- lease was not observed following glutamate application in zero 
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Figure 3. Lack of a simple predictive relationship between [Caz+], parameters and neuronal death. A, Definition of peak [Cal+], , average [Ca2+], , 
and CTI. The time of Ca* + deregulation (arrowed) was defined by the point at which the slope of the [CaZ+], tracing became positive (broken line) 
for at least three consecutive [Ca2+], measurements (circles). B, Relationship between [Ca>+], and neuronal death at a fixed extracellular calcium 
concentration (1.3 mM). The rise in [Ca2+], was evoked by a 50 min challenge with either 250 ~IH glutamate, 100 PM NMDA, or 100 PM kainate. 
The fraction of trypan blue-stained neurons observed in each of 37 experiments is plotted against peak and average [Caz+], for that experiment 
(open and so/id circles, respectively). Both correlated poorly with neuronal death (R = 0.16 and R = 0.2 1, respectively). The so/id and broken lines 
show the best-fit least-squares straight lines and their 95% confidence intervals, respectively. C, Analysis of the individual neurons in all the experiments 
in B showing that neurons that eventually died experienced, on average, greater elevations of [Cal+], than neurons that survived (n = 553 neurons; 
asterisks, p 2 0.001). 

Ca2+ (Fig. 2B,C). In fact, Ca2+ influx was essential for triggering 
measurable glutamate-evoked and high K+-evoked increases in 
[Ca2+], (Fig. 20, representative of five experiments; similar re- 
cords were obtained with 50 mM K+ in three experiments). 
These results cannot exclude a neurotoxic contribution from 
Caz+ sequestered in internal stores, but establish that its release 
would have to be triggered by Ca2+ influx (as in Ca2+-induced 
CaZ+ release; Hernandez-Cruz et al., 1990; Miller, 1992). 

Neurotoxicity has also been shown in some systems to occur 
through toxic alterations in the intracellular ionic environment 
due to depolarization-induced influx of Na+ accompanied by 
Cl- and water, leading to osmotic swelling and cell lysis (Roth- 
man, 1985; Olney et al., 1986; Rothman and Olney, 1986). 
Figure 2E shows that this mechanism may be less important in 
spinal neurons: when 130 mM choline-Cl was substituted for 
NaCl in the control buffer (low Nat, 1.3 mM Ca2+ ), the toxicity 
of a 50 min challenge with 250 PM glutamate remained un- 
changed. These results are in agreement with those of Regan 
and Choi (199 1) in a similar tissue culture system. 

These experiments establish the necessity for Ca2+ influx in 
the mechanisms leading to early glutamate neurotoxicity in spi- 
nal neurons. However, they fail to explain the inability of in- 
tracellular Ca2+ measurements in some studies to predict the 

likelihood of neuronal death (Michaels and Rothman, 1990; 
Dubinsky and Rothman, 199 1; Randall and Thayer, 1992). Fig- 
ure 3B confirms that the same problem occurred in our exper- 
iments: when cultures were challenged with varying Ca*+ loads 
using 50 min challenges with different EAA receptor agonists 
(glutamate, NMDA, and kainate), the fraction of dead neurons 
per culture did not correlate with the mean values of peak or 
average [Ca2+], recorded in the neurons in the same experiment. 
However, both peak [Ca*+], and average [Ca*+], were found to 
have been more elevated in individual neurons that died as 
compared with those that survived (Fig. 3C). 

The lack of a predictive relationship between [Ca*+], and neu- 
rotoxicity may be due to nonlinearities in intracellular [Ca2+], 
dynamics (see below), or due to inadequacies in the temporal 
and/or spatial discrimination ability ofthe [Ca2+], measurement 
technique (e.g., inability to resolve subcellular [Caz+]( tran- 
sients). To examine these possibilities, we studied the impact 
of a fixed glutamate challenge on [Ca*+], and survivability, while 
varying the concentrations of extracellular Ca?+ ([Ca2+],; O-10 
mM). According to the Goldman-Hodgkin-Katz current equa- 
tion (Hille, 1992) Ca *+ flux through an open ionic channel 
should vary as a function of [Ca2+lE. Therefore, during a glu- 
tamate challenge, submembrane [Ca*+], would be determined 

Figure 4. Dependence of glutamate neurotoxicity on transmembrane Ca2+ gradient and on challenge duration. Neurons were perfused with 
solutions containing varying concentrations of Ca *+ and exposed to a 250 NM glutamate challenge (GUY). A, Relationship between [Ca2+]. and , 
neuronal death gauged with trypan blue. B, Relationship between [Ca2+],, peak [Ca*+], , and average [Ca2+], (see Materials and Methods and Fig. 
3A for definitions) evoked by the glutamate challenge. In A and B, each symbol represents a mean value taken from five experiments performed 
at the same [Ca*+], (7-16 neurons per experiment). SEs are shown where they exceed the symbol size. To determine half-maximal [Ca2+], (EC,,) 
values (broken lines), the algorithm of Marquardt (1963) was used to fit the data to the equation effect/effect,,, = [Ca2+],/(EC,, + [Caz+],) (solid 
lines). C-E, Representative effects of 50 min glutamate (horizontal bar) on [Ca*+], in neurons perfused with solutions containing 0.3, 1.3, and 10 
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mM Ca2+, respectively. F-G, Representative effects of shorter glutamate challenges (5 and 15 min, respectively) on [Caz+], in neurons perfused with 
1.3 mM [Ca*+], (compare with D). The asterisks in C-G denote Ca 2+ deregulations. H, Staggered view of the primary [Ca2+], transients evoked in 
the 14 neurons in G, illustrating the variability of peak [Ca2+], responses in a typical experiment. 
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Table 2. Relationship between glutamate challenge duration and neuronal death 

No. of No. of % Ca*+ O/o trypan blue 
Exposure time experiments neurons deregulations positive 

5 min 5 42 4.70 + 0.2@ 4.70 k 0.26* 
15 min 5 53 17.0 + 1.20* 17.0 + 1.20* 
50 min 13 194 77.8 t 2.98* 79.6 zk 1.32* 

Effects of 5, 15, and 50 min challenges with 250 MM glutamate on neuronal death gauged by Ca2+ deregulations and by 
staining with trypan blue. 
* p < 0.001 versus both other time groups. 

by the permeability and gating characteristics of the ionic chan- 
nels involved. In this instance, increasing [Ca*+]? would cause 
submembrane [CaZ+], to increase, irrespective of the ability of 
the Ca2+ measurement apparatus to resolve the fact (Swandulla 
et al., 199 1). This paradigm allowed us to compare the neuro- 
toxic effects of different neuronal Ca2+ loads without relying on 
[Ca2+], measurements. In addition, this strategy isolates the neu- 
rotoxic effects of Ca*+, because by keeping the glutamate chal- 
lenge unchanged, the impact of any Ca2+ influx-independent 
glutamate-activated neurotoxic processes would remain unal- 
tered, 

In the experiments presented in Figure 4A-E, we found a 
sigmoidal concentration-response relationship between [Ca2+lp 
and neuronal death (Fig. 4A; slope of 1.28 + 0.11 on a probit 
plot). This shows that as the transmembrane Ca2+ gradient in- 
creased, a higher proportion of neurons stained with trypan blue. 
Therefore, the likelihood of reaching the neurotoxicity threshold 
was dependent on submembrane [Ca2+],. However, despite the 
clear relationship between [Ca2+lr and cell death, the [Ca2+], 
increases did not produce proportional changes in measured 
peak [Ca*+], or average [Ca2+], (Fig. 4B; representative experi- 
ments are shown in Fig. 4C-E). For example, a 1 O-fold increase 
in [Ca2+], from 1 mM to 10 mM only increased peak [Ca’+], 
1.53-fold. The insensitivity of the change in [Ca2+], , particularly 
in the range of [Ca*+], that produced a high probability of cell 
death, partly explains the inability of linear correlations to con- 
firm any significant relationships between [Ca2+], and neuronal 
survival outcome. The inability of measured [Ca*+], to reflect 
the changes in [Ca2+], can be explained by one or more of four 
mechanisms. First, as [Ca2+], rises in the cytoplasm, it ap- 
proaches the concentration range at which cytosolic Ca2+ buf- 
fering proteins are maximally effective. Therefore, there is a 
“ceiling” on the rise in [Ca*+], because [Ca2+], transients are 
buffered more effectively at higher Ca2+ loads (Thayer and Mil- 
ler, 1990; Artalejo et al., 1992). Second, Ca2+ influx may saturate 
at higher transmembrane Ca2+ gradients (Hille, 1992). Third, 
[Ca2+], may only rise in restricted subcellular compartments, 
and thus may be registered at a lower level when imaged [Ca2+], 
is averaged both spatially and temporally throughout the entire 
cell soma as was done in the present experiments. Fourth, as 
[Ca”], increases to micromolar levels (Fig. 4B), it may approach 
the saturation limits of the Ca*+ indicator. This was most likely 
to occur in experiments where [Ca2+le was set at 10 mM (Fig. 
4E). We note, however, that fura- has been used with reason- 
able accuracy to measure Ca2+ concentrations in the 1500 nM 
range (Roe et al., 1990; Guthrie et al., 199 1; Muller and Connor, 
199 1). In the majority of our experiments (performed in 1.3 
mM Ca*+), [Ca2+], only exceeded this range in a small fraction 
ofneurons (e.g., Fig. 4H). Thus, saturation offura-2 was unlikely 
to bias our [Ca2+], measurements significantly when [Ca2+lc was 

in the O-l.3 mM range. The [Ca*+], values in the present report 
are similar to those obtained by others in analogous experiments 
performed with the indicator indo- 1 (Randall and Thayer, 1992). 

The duration of the glutamate challenge influenced the prob- 
ability of neuronal death. When neurons were exposed to glu- 
tamate for varying periods, both the frequency of Ca2+ dereg- 
ulations, and trypan blue staining (cell death) increased with 
longer challenge durations (compare Fig. 40, F, G; Table 2). This 
result, taken in the context of the findings in Figure 4A, suggests 
that Ca2+ neurotoxicity depends both on [Ca2+], and on the 
duration of the Ca*+ load. Recently, Randall and Thayer (1992) 
showed in hippocampal neurons that a 5 min exposure to 100 
PM glutamate sufficed to trigger delayed Ca2+ overload over 
periods ranging from 0 to 3 hr. Our data support this finding, 
and add that in spinal neurons, the mechanisms leading to tox- 
icity continue to be triggered throughout the glutamate exposure 
despite the fact that measured [Ca2+], declines to a lower steady- 
state level within minutes of the onset of the primary [Ca*+], 
rise. This steady-state [Ca2+], plateau likely consists of a dy- 
namic balance between ongoing Ca2+ influx through residual 
noninactivated pathways and Ca2+ efflux or buffering, because 
the plateau level could be lowered or raised by switching to 
solutions containing zero Ca2+ or 10 mM calcium, respectively 
(data not shown). 

Ca2+-triggered neurotoxicity is source specific 
Is all Ca2+ equally neurotoxic? Ifso, then neuronal death should 
depend solely on the magnitude and the time course of the 
[Ca*+], rise, rather than on its source. Previous reports indicated 
that Ca2+ influx through voltage-sensitive Ca2+ channels and 
glutamate receptor-operated channels can be evoked indepen- 
dently (Mayer et al., 1987; Murphy et al., 1987; Holopainen et 
al., 1989; Yuste and Katz, 199 1). We asked whether a rise in 
[Ca2+], mediated through these different pathways would cause 
equal neurotoxicity. To examine the independence ofglutamate- 
and depolarization-mediated Ca2+ influx, we exposed neurons 
in explant cultures to brief applications (30 set) of high K+ (50 
mM) and of glutamate (250 PM), both of which evoked large 
[Ca*+], transients. Figure 5 and the accompanying images in 
Figure 6 show that in our preparation, [Ca2+], transients pro- 
duced by glutamate and high K+ contain significant independent 
components: nimodipine (1 PM), a blocker of L-type voltage- 
gated Ca2+ channels, substantially attenuated [Ca2+], transients 
evoked by high K+, but had no significant effect on the rise in 
[Ca2+], evoked by glutamate. To attenuate the latter, a combi- 
nation of the NMDA antagonist APV (50 PM) and the non- 
NMDA antagonist CNQX (75 PM; Honore et al., 1988) was 
required. Figure 5B illustrates that the K+-evoked transients 
were primarily DHP sensitive and were not composed of frac- 
tions sensitive to glutamate receptor antagonists (APV + CNQX) 



The Journal of Neuroscience, May 1993, 13(5) 2093 

La ‘t 
(nM) N=6 
1200 - 

1000 - 

800 - 

600 - 

400 - 

200 - 

0 - 

NIM(1pM) 

APV(50kM)+ 

CNQX (75 pM) 
73 

B Pa ‘J 
WV 
1200 

1000 

800 

600 

400 

200 

0 

K G K G G , 
0 10 20 30 40 50 

TIME (min) 

N=9 

APV(~OFM)+ 
CNQX(75pM) oCgTx(Z@.d) NIM (lptvl) 

s”I k 
50 nMJ 

1 min 

0 0 0 
K K K K K I , , I 

0 10 20 30 40 50 60 

TIME (min) 

Figure 5. Characterization [Caz+ 1, 
transients evoked by brief (30 set) ap- 
plications (arrows) of 250 PM glutamate 
(G) and 50 mM potassium (K) to neu- 
rons in explant cultures. Mean [Ca2+], 
responses from six and nine neurons (in 
A and B, respectively) are shown with 
their SEs. A, Independence of [Ca2+], 
transients evoked by potassium and by 
glutamate (representative of five exper- 
iments). Nimodipine (iVZ&Z, solid bar) 
attenuates the [Ca2+], transient evoked 
by depolarization with potassium, but 
has little effect on the glutamate-evoked 
transient. The latter was attenuated by 
APV and CNQX (50 PM and 15 PM, 
respectively; gray bar). In this experi- 
ment, recovery of the glutamate-evoked 
[Ca2+], transient was slower than re- 
covery of the potassium-evoked tran- 
sient, suggesting that glutamate and high 
K+ may have different effects on neu- 
ronal Ca2+ regulation. The fura- ratio 
images displayed in Figure 6 corre- 
spond to the times indicated (u-e). B, 
Further characterization of the K+- 
evoked [Caz+], transients (representa- 
tive of five experiments), which were 
unaffected by APV and CNQX (light 
gray bar) or w-conotoxin GVIA (w- 
CgTx, dark gray bar). As in A, the K+- 
evoked [Caz+], transient was mostly 
(about 80%) blocked by nimodipine 
(solid bar), leaving a fraction resistant 
to DHPs, w-conotoxin, and glutamate 
receptor antagonists. Inset, Peak of third 
K+-evoked [Ca2+], transient with mag- 
nified time scale showing that [Ca*+], 
remains at a maximum for approxi- 
mately 15-20 set, during which three 
or four separate [Cal+], measurements 
were performed. 

or to w-conotoxin GVIA, a blocker of N-type Ca2+ channels. 
The residual, DHP-insensitive [Ca2+], transients were consistent 
with the presence of DHP- and w-conotoxin-insensitive Ca2+ 
currents in neurons (Rosario et al., 1989; Regan et al., 1991; 
Scroggs and Fox, 199 1). 

I f  Ca2+ neurotoxicity were solely dependent on an excessive 
rise in [Ca2+], , then equivalent [Ca2+], increases evoked by ac- 
tivating voltage-sensitive or glutamate-operated CaZ+-permea- 
ble channels should produce equivalent amounts of neuronal 
death. Using spinal cord explants, we randomly allocated cul- 
tures to one of two groups. In one group, the neurons were 
superfused with 250 PM glutamate. In the other, neurons were 
superfused for the same duration with 50 mM potassium (high- 
K+ group). The appropriate challenge duration and agonist con- 
centrations were determined empirically in pilot experiments 

so as to elicit purposefully [Ca2+], changes of similar magnitudes 
and time courses in neurons ofequal diameters from both groups 
(same peak and average [Ca2+],; Fig. 7A,B). [Ca*+], was recorded 
in each neuron in the experimental field as shown in the rep- 
resentative experiments in Figure 7, D and E. Following the 
glutamate or high-K+ challenge, neuronal death was assayed 
with trypan blue staining. To allow for the fact that neurotoxicity 
is also a function of Ca2+ challenge duration (Table 2), the CT1 
(Ca2+-time index), a measure of total Ca2+ load over time, was 
determined for each neuron (see Materials and Methods for 
definition). Figure 7C illustrates that the total challenge-evoked 
Ca*+ load as determined by the CT1 was significantly smaller 
for neurons exposed to glutamate as compared with high K+ (t 
= 9.06, p < 0.0001). 

Despite having elicited equivalent measurable [Ca2+], eleva- 
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Figure 6. Calibrated fluorescence ratio images of [Ca- ’ 1, in the six spinal neurons for the times shown in Figure 5A. Due to the density of the 
explants, some background Ca2+ fluorescence is registered from supporting cells (glia, fibroblasts) in all panels. Note, however, that this background 
remains unchanged throughout the experiment. 

tions in the high-K+ and glutamate groups, and a lower total 
Ca*+ load (CTI) in the latter, more neurons died in the glutamate 
group (Figs. 7D,E; 8). Statistically, neurons exposed to gluta- 
mate had a dramatically higher probability of undergoing Ca2+ 
deregulation (t = 8.25, p < 0.0001) and of dying (t = 6.64, p < 
0.0001). A survival analysis of the time course of CaZ+ dereg- 
ulation (Kaplan-Meier survival model; see section 14.5 in Ar- 
mitage and Berry, 1987) confirmed that in neurons exposed to 
glutamate, Ca2+ deregulation occurred sooner and to a greater 
extent than with high K+ (log-rank x2 = 58.44, p < 0.000 1; Fig. 
8B). We interpret these results as reflecting a difference in the 
mechanism by which Ca *+ triggers neurotoxicity, rather than a 
difference in the ability of high K+ and glutamate to trigger non- 
Ca’+-dependent neurotoxic phenomena. This is because high 
K+ was unlikely to trigger any significant neurotoxic cascades 

(Fig. 8A), whereas in the case of glutamate, neurotoxicity did 
not depend on the influx of Na+ (Fig. 2E), and was absolutely 
dependent on CaZ+ influx (Figs. 2B,C, 4A). Thus, our data dem- 
onstrate quantitatively that all sustained elevations in [Caz+], 
are not equally neurotoxic, as the toxicity clearly also depends 
on the source of CaZ+ influx. 

Glutamate-mediated neurotoxicity is Caz+ source spebjic 

Glutamate activates a variety of receptor subtypes (for reviews, 
see Dingledine et al., 1988; Watkins et al., 1990; Zorumski and 
Thio, 1992) all of which have been implicated in mediating 
neuronal death (e.g., Garthwaite and Garthwaite, 1983; Simon 
et al., 1984; Choi et al., 1987; Goldberg et al., 1987; Koh et al., 
1990; Urea and Urea, 1990; Mosinger et al., 199 1; Opitz and 
Reymann, 1991). Our results and those of others (e.g., Choi, 
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1985, 1987; Murphy et al., 1988) implicate Caz+ influx as a 
chiefmediator ofglutamate neurotoxicity. However, the relative 
contribution of the different receptor subtypes to neurotoxicity 
remains unclear. Is the neurotoxicity mediated by a given Caz+ 
influx path (e.g., NMDA receptor-operated channels) solely a 
function of that path’s ability to cause excessive increases in 
[Ca*+],? Conversely, given equivalent Ca*+ influx-mediated 
[Caz+], increases, are all glutamate receptor subtypes equally 
capable of triggering neurotoxicity? To address this issue we 
dissected pharmacologically the pathways of glutamate-evoked 
Ca2+ elevations in spinal neurons. Agonists and antagonists of 
Ca2+ channels and glutamate receptors were applied to neurons 
in dissociated cultures at concentrations chosen to evoke similar 
elevations in neuronal [Caz+], parameters (peak and average 
[Ca2+],), but by different routes. The neurons were challenged 
for 50 min with glutamate (250 PM), NMDA (100 PM), or kainate 
(100 FM) in the presence of varying combinations of APV (50 
WM), nimodipine (1 PM), or CNQX (75 FM). The exposure was 
followed by a 30 min return to control solution that also con- 
tained the antagonist combination. [Ca2+], , its time course, and 
the survival outcomes were monitored in all neurons (n = 553), 
and the data used for statistical modeling of the relationships 

Time (min) 

Figure 7. Comparison of measures of 
Ca2+ load experienced by neurons ex- 
posed to 50 min challenges with 250 
FM glutamate (GLU, 109 neurons in 12 
experiments) or with 50 mM potassium 
(high K+; 85 neurons in 10 experi- 
ments). Peak [Ca*+], , average [Ca2+], , 
and CT1 were calculated as described 
in Materials and Methods. Statistical 
differences (asterisk) were taken at the 
p = 0.05 level. A, The glutamate and 
high-K+ challenges evoked the same 
peak and same average [Ca*+], rise. B, 
The neuronal diameters were compa- 
rable in both groups. C, The CTI, a 
measure of total Ca2+ load over time, 
was significantly less for the glutamate 
group. D, Representative experiment 
showing that glutamate-evoked [Ca2+], 
transients were frequently followed by 
a large number of early Ca2+ deregu- 
lations. Inset, Magnified time scale 
tracing showing the peak of a single glu- 
tamate-evoked [Caz+], transient. The 
peaks typically lasted 15-20 set, allow- 
ing sufficient time for several fluores- 
cence ratio measurements (open cir- 
cles). E, Representative experiment 
showing that [Ca*+], transients evoked 
by high K+ produced far fewer Ca2+ 
deregulations than those evoked by glu- 
tamate. 

between neuronal survival, route of CaZ+ influx, and the mea- 
sured CaZ+ parameters. Representative experiments and the 
summary data are shown in Figures 9 and 10 and in Table 3. 

In the presence of NMDA receptor blockade (Fig. 9A), the 
glutamate challenge still elicited a [Ca*+], transient of compa- 
rable amplitude (peak [Ca2+],) to that evoked by glutamate alone 
(Fig. 9A; compare with Figs. lA, 40). However, despite the 
large rise in [Ca*+],, only one neuron underwent deregulation 
(Fig. 9A, asterisk). The glutamate-evoked Ca2+ influx was not 
mediated to any significant extent by DHP-sensitive Ca2+ chan- 
nels, because the [Ca*+], transient was not significantly attenu- 
ated by nimodipine (Figs. 9B, 1OA; see also experiments in Figs. 
5, 6). Figure 9C illustrates that in the presence of APV, the 
glutamate-mediated rise in [Caz+], was mediated primarily by 
non-NMDA channels sensitive to CNQX, as this agent almost 
completely attenuated the [Ca2+], transient. The residual rise in 
[Ca2+], observed in Figure 9C may be due to incomplete block- 
ade of all glutamate receptors, but is unlikely to represent phos- 
phoinositide-mediated internal Ca*+ release through metabo- 
tropic receptor activation because this was not seen in the absence 
of extracellular Ca2+ (Fig. 2B,C). The experiments in Figures 
9A-Cindicate that glutamate neurotoxicity was uncommon when 
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Figure 8. Survival analyses of the 
neurons in Figure 7A-C showing that 
equivalent neuronal Ca2+ loads trig- 
gered by different sources produce sig- 
nificantly different degrees of neurotox- 
icity. A, Comparison of the fraction of 
neurons staining positively with trypan 
blue (hatched bars) or undergoing Ca2+ 
deregulations (open bars) in each group. 
Asterisks denote statistical differences 
at p < 0.0001. B, Kaplan-Meier sur- 
vival plot showing the fraction of Ca2+ 
deregulations in each group as a func- 
tion of time. Neurons exposed to glu- 
tamate (solid circles) underwent earlier, 
more frequent Ca2+ deregulations than 
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NMDA channels were blocked. More importantly, they show 
quantitatively that a large rise in [Ca*+], was not in itself suffi- 
cient to cause much neurotoxicity for the duration of these 
experiments, and that the non-neurotoxic [Caz+], transient seen 
in Figure 9, A and B, consisted of that fraction that was CNQX 
sensitive. These results are analogous to the findings by Dubin- 
sky and Rothman (199 1) that in cultured hippocampal neurons, 
sodium cyanide produced large elevations in [Ca2+],, but was 
not neurotoxic. The notion that certain elevations in [Ca2+], are 
not necessarily neurotoxic is strengthened further in Figure 9& 
F: NMDA alone evoked a rise in [Ca2+], that was smaller in 
magnitude than that evoked with glutamate (Figs. 9D, lOA). 
However, despite producing a smaller [Ca*+], rise, the NMDA 
challenge caused most of the neurons to undergo Ca*+ deregu- 
lation (asterisks). Kainate caused an equivalent rise in [Caz+], 
to NMDA, but this was not accompanied by frequent cell death 
(Figs. 9E, lOA,B). To examine whether the difference between 
the neurotoxicity of NMDA and of kainate was a function of 
Ca*+ load, we pretreated the cultures for 1 hr with 50 &ml of 
concanavalin A. This maneuver reduces non-NMDA receptor 
desensitization in an irreversible manner (Mayer and Vyklicky, 
1989). Figure 9F shows that this strategy increased the apparent 
area under the [Ca2+], time course curve (CTI) but did not result 
in increased neurotoxicity as compared with kainate alone (Fig. 
1 OB). In comparing the neurotoxicity of the different Ca2+ sources 
(Fig. lOB), there was a striking difference in neuronal death 
between groups with and without NMDA receptor blockade, 
confirming that glutamate neurotoxicity was predominantly 
NMDA mediated, and was triggered by Ca2+ influx. Further- 
more, this was not due to the ability of NMDA receptors to 
elicit higher measurable elevations in [Ca2+],, because non- 
NMDA receptor activation elicited [Ca2+], increases of equal or 
greater magnitude than NMDA receptors alone (Fig. lOA). 

In the experiments shown in Figures 3 and 4, we proposed 
that the lack of a predictive association between [Ca2+], and cell 
death may reflect in part nonlinear relationships between Ca2+ 
influx and measured [Ca2+],. Here, given that all Ca2+ influx 

Time after challenge (min) 

was not equally neurotoxic (Figs. 7-10) we examined the fea- 
sibility of uncovering the relationship between [Ca2+], and neu- 
ronal death by accounting for Ca2+ source specificity in our 
analysis. To this end, we used regression analysis to model the 
probability of Ca2+ deregulation as a function of calcium source, 
challenge duration, peak [Ca*+], , average [Ca*+], , and CT1 (cal- 
cium-time index). The analysis tests the statistical significance, 
and the usefulness, of each of these parameters to the relation- 
ships described by the model. Two separate modeling strategies 
were employed: linear (multiple) regression and logistic regres- 
sion, the latter being more widely accepted for fitting models to 
binary outcome variables (e.g., alive/dead; see Chaps. 10 and 
12 in Armitage and Berry, 1987). Several regression models 
containing different parameter combinations were tested (Table 
3). The importance of each parameter to predicting outcome 
was determined by comparing the goodness of fit of the different 
models to the observed probability of Ca2+ deregulation. Also, 
within each model, each parameter was tested for statistical 
significance with the others taken into account (e.g., significance 
of peak [Ca2+], given its source). 

Table 3 shows that with both modeling strategies, there was 
a marked dependence of the goodness of fit of the model on the 
inclusion of the parameters calcium source and time to dereg- 
ulation, but a much lesser dependence on peak [Ca2+], , average 
W+ I, , or CTI. Using linear regression, when either source or 
time was excluded, the goodness of fit of the models decreased 
considerably (RZ reduced to 0.43 1 and 0.337 for source and time 
excluded, respectively). By comparison, goodness of fit was vir- 
tually unaffected by excluding the parameters of peak, average, 
or CT1 (R2 of 0.638 in the model with all parameters included, 
vs R2 of 0.624 when only source and time were included). Sim- 
ilarly, using logistic regression, a perfect fit was obtained by 
including the parameters source, time, and peak [Ca2+], (p = 
1.0000). The goodness of fit was essentially unaffected by ex- 
cluding the parameter peak (p = 0.9998), but was grossly re- 
duced if the Ca2+ source was excluded (p = 0.0132). These 
analyses demonstrate that Caz+ source and time were the most 

Figure 9. Representative experiments showing the method of pharmacological dissection of the route of neurotoxic [Ca2+], increase. Spinal neurons 
were exposed to a 50 min challenge with either 250 PM glutamate (GUI), 100 PM NMDA, or 100 FM kainate, in the presence or absence of specific 
antagonists of NMDA receptors (50 PM APV), non-NMDA receptors (75 PM CNQX), or L-type Ca *+ channels [l PM nimodipine (IVIM)]. Each 
challenge was followed by a 30 min recovery period. Neurotoxicity was gauged by Ca 2+ deregulations (asterisks) and by trypan blue staining (see 
Fig. 1 OB). A-C, Challenges with glutamate in the presence of APV, APV plus nimodipine, and APV plus CNQX, respectively. D, challenge with 
NMDA without NMDA receptor blockade. E, Kainate challenge in the presence of APV and nimodipine. F, Kainate challenge as in E following 
pretreatment with concanavalin A (CON-A). 
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Figure 10. Specificity of glutamate-triggered Ca *+ neurotoxicity to the NMDA receptor. A total of 553 neurons were studied using seven com- 
binations of agonists and antagonists of EAA receptors and Ca 2+ channels as in Figure 9. In A and B, the numbers of neurons in each group (in 
brackets) were pooled from 5-l 5 experiments. Asterisks denote statistical significance at the a < 0.0001 level. A, Comparison of peak and average 
[Ca*+] in the seven experimental groups. Note that a 250 HIM glutamate challenge evoked similar rises in [Ca ,+I, irrespective of NMDA or CaZ+ 

channel blockade. This rise was effectively attenuated by blocking both NMDA and non-NMDA receptors. B, Comparison of neuronal death 
between groups by Caz+ deregulations (open bars) and trypan blue staining (hatched bars). Note the excellent agreement between the two methods. 
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Table 3. Linear and logistic regression modeling of the probability of Ca2+ deregulation as a function 
of Ca*+ source, time, peak (Ca2+li, average [Ca2+li and CT1 

Parameters Linear regression 

Rx= 0.638* 

Logistic regression 

Source, time, 
peak, average, 
CT1 

10.0001, 10.0001, 
0.0028, 0.0027, 
0.1031 

R2 = 0.637* 
Source, time, 10.0001, <0.0001, 
peak, average 0.0006, 0.0105 

R2 = 0.632* LR x2 = 266.91, p = 1.0000 
Source, time, <0.0001, <0.0001, ~0.0001, <0.0001, 
peak 0.0004 0.0024 

R2 = 0.624* LR x2 = 239.35, p = 0.9998 
Source, time <0.0001, <0.0001 <0.0001, <0.0001 

R2 = 0.431* LR x2 = 320.88, p = 0.0132 
Time ~0.0001 10.0001 

R2 = 0.317* not an ordinal variable 
Source <0.0001 <0.0001 

Linear and logistic regressions (left and right data columns, respectively) were employed to model the probability of 
Ca2+ deregulation (Pd) using different combinations of measured experimental parameters derived from experiments on 
553 neurons. This approach was used to determine which parameters were important to predicting survival outcome. 
The linear regression technique employed a least-squares algorithm, whereas the logistic regression technique employed 
a maximal likelihood estimate approach (see Chaps. 10 and 12 in Armitage and Berry, 1987). It is assumed in these 
models that the outcome variables (Pd and logit[P,] for linear and logistic regressions, respectively) are best determined 
by linear combinations of predictor variables. The predictor variables were source (Ca*+ source), time (time to dereg- 
ulation), peak (Peak [Cal+],), average (average [Ca2+],), and CT1 (calcium-time index). Data are the results of a model 
containing the indicated number of parameters, and contains an index of goodness of fit as well as probabilities of 
significance of the individual parameters. The goodness of fit of each model to the raw data is indicated by R’ (multiple 
correlation coefficient) for linear regression, and by the likelihood ratio (LR) x2 for logistic regression, where p is the 
probability of a perfect fit of the model to the data (O-l .O indicates zero to perfect fit, respectively). The asterisk indicates 
that the estimate of R2 was different from zero at a significance level of <O.OOO 1. In the case of logistic regression analysis, 
note that LR x2 cannot be computed for source alone, as it is not an ordinal variable. 

important parameters in creating a predictive relationship be- 
tween Ca2+ and neurotoxicity. These conclusions were consis- 
tent with those drawn from our earlier (Fig. 4D,F,G; Table 2) 
and present results: Figure 1OC shows that when the fraction of 
deregulated neurons in each experimental group was plotted 
against time (Kaplan-Meier survival model), there was an al- 
most linear dependence of Ca2+ deregulation on time within 
each group. These data confirm that both Caz+ source and the 
time dependence of neurotoxicity must be considered in relating 
[Ca2+], to cell death. 

We showed that the relationship between [Ca*+], and cell 
death was not evident in a simple correlative analysis involving 
only two parameters (Fig. 3B). However, by taking a more com- 
plex statistical approach, we were able to resolve relationships 
that were not directly obvious, by using models that adjusted 
for the effects of confounding variables. By this method, when 
source and time were taken into account by the model, signif- 
icant relationships between the probability of CaZ+ deregulation 
and peak and average [Ca2+], became evident (Table 3). For 
example, in the linear regression model incorporating source, 
time, peak, and average, the latter two parameters were signif- 
icant at p < 0.0006 and 0.0 105, respectively. However, as shown 

t 

above, source and time were far greater determinants of neu- 
rotoxicity than peak and average [Ca2+], because they alone 
sufficed to predict the probability of Ca2+ deregulation. 

Discussion 
In this article we described the effects of changes in [Ca2+], in 
spinal neurons on neurotoxicity. We showed that when neurons 
were exposed to a lethal Ca2+ challenge, their ability to maintain 
Ca*+ homeostasis failed prior to a loss of plasma membrane 
integrity (Ca2+ deregulation; Fig. 1). Using this and conventional 
methods for assessing neuronal survival, we showed that in the 
case of glutamate-triggered neurotoxicity, cell death was depen- 
dent on Ca2+ influx (Fig. 2&C). Glutamate neurotoxicity was 
also a function ofchallenge duration and ofsubmembrane [Ca2+],, 
as deduced from the dependence of neuronal death on the trans- 
membrane Ca2+ gradient (Fig. 4A). Our imaging of [Ca2+], showed 
that there was a “ceiling” on measurable [Ca”], (Fig. 4B), a fact 
that contributed to the difficulty in relating [CaZ+], and neuro- 
toxicity using simple linear relationships (Fig. 3B). By evoking 
Caz+ influx into neurons through different pathways (Figs. 5,6), 
we demonstrated that neurotoxicity was dependent not only on 
a large rise in [Ca2+], , but also on the Ca2+ source. Thus, given 

C, Kaplan-Meier survival plots showing the fraction of Ca2+ deregulations as a function of time for each group. These demonstrate that the 
probability of Ca2+ deregulation increases almost linearly with time in all groups, but differs markedly between groups with and without NMDA 
receptor activation. The slopes of the best-fit straight lines (broken lines) reflect the time dependence of Ca 2+ deregulation. Slopes with the same 
symbols (asterisks or crosses) were statistically similar. The mean slope with NMDA blockade was 0.0055, whereas the mean slope without NMDA 
blockade was twice as steep (0.0134). The median survival times for neurons following NMDA and glutamate exposures were 54.2 min and 46.1 
min, respectively (arrows). 
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the same elevations in [Ca*+],, the neurotoxicity evoked by 
glutamate far exceeded that evoked by membrane depolariza- 
tion with high K+ (Figs. 7, 8). More specifically, the neurotox- 
icity of glutamate in these experiments was triggered primarily 
by Ca*+ influx through NMDA receptor-gated channels (Fig. 
9). NMDA-triggered cell death exceeded that triggered by non- 
NMDA receptors and Caz+ channels when [Caz+], was made to 
rise equally through these separate pathways (Fig. lOA,@. This 
confirms that the greater neurotoxicity of NMDA receptors as 
compared with others is not related to the ability of NMDA 
channels to trigger greater elevations in [Ca2+],. In addition, we 
were able to confirm using statistical modeling that Ca*+ source 
and Ca2+ challenge duration were the primary determinant of 
the likelihood of neuronal survival. Finally, when these two 
factors were taken into account, a statistically significant rela- 
tionship between measured [Ca2+], and cell death was uncovered 
(Table 3). 

Significance of the Ca2+ deregulation phenomenon 

Neurons exposed to a lethal Ca 2+ challenge lost their ability to 
maintain Ca2+ homeostasis. This was manifest as an uncon- 
trolled secondary rise in [Ca*+], occurring as early as 3040 min 
before plasma membrane integrity was lost (as gauged with try- 
pan blue; Fig. 1). This secondary [Ca2+], rise (Ca*+ deregulation) 
inevitably preceded cell death, and was the product of the pri- 
mary Ca2+ insult. This is supported by the finding that Ca2+ 
deregulation was a function of glutamate challenge duration 
(Figs. 4D,F,G; lOC, Tables 2, 3) and of transmembrane Ca*+ 
gradient (Fig. 4A). Also, it was absolutely dependent on the 
presence of extracellular Ca *+ during the phase that preceded 
its onset. Its likelihood was substantially reduced by pretreating 
neurons with APV (Fig. 9,4--C, lOB), but this protective effect 
diminished greatly when APV was applied more than 30 min 
following glutamate application (data not shown). This evidence 
is insufficient to determine whether secondary Ca2+ overload 
caused the ensuing cell death, or whether Ca*+ overload oc- 
curred prior to-but independently of- the loss of plasma mem- 
brane integrity. We favor the latter hypothesis, because as shown 
by us and others (Randall and Thayer, 1992; M. Tymianski and 
M. P. Charlton, unpublished observations), neuronal death be- 
came independent of [Ca2+], once Ca2+ deregulation occurred. 
Nevertheless, the virtual 1: 1 relationship between Ca2+ dereg- 
ulation and eventual trypan blue staining makes secondary Ca2+ 
overload a useful early index of impending cell death. The bi- 
phasic nature of neurotoxic [Ca2+], increases illustrates that the 
temporal relationships between [Ca2+], and neurotoxicity must 
be considered in order to interpret the relevant [Ca*+], mea- 
surements appropriately. 

Relationship between [Caz+], and neurotoxicity 
We and others have shown that simple linear relationships were 
inadequate to demonstrate a significant relationship between 
[Ca*+], measurements and neuronal death (Fig. 3B; Michaels 
and Rothman, 1990; Dubinsky and Rothman, 199 1; Randall 
and Thayer, 1992). Experimentally, we illustrated that when the 
CaZ+ challenge duration was constant (i.e., 50 min), the critical 
missing factor in relating [Ca2+], to cell death was the Ca*+ source 
(Figs. 7-l 0). In fitting the data to a number of statistical models 
(Table 3), we demonstrated that the Ca2+ source was consid- 
erably more important to predicting the likelihood of cell death 
than were the actual measured [Ca2+], values. Nevertheless, in 
statistical models that adjusted for the confounding effects of 

the Ca*+ source, we were able to unmask significant relationships 
between [Ca2+11 and neurotoxicity. However, we stress that the 
purpose of our statistical models was to seek descriptive rela- 
tionships rather than causality. Therefore, the models in them- 
selves do not prove that Ca2+ was the cause of neurotoxicity. 

Causality between Ca’+ influx and neurotoxicity 

Was the neurotoxicity of glutamate caused by Ca2+? A simpler 
alternative is that toxicity was triggered by ions other than Ca2+. 
This has been examined in this report and detailed in others 
(Rothman, 1985; Garthwaite et al., 1986; Olney et al., 1986; 
Rothman and Olney, 1986; Choi, 1987, 1988; Farooqui and 
Horrocks, 199 1). Although glutamate- and particularly NMDA- 
operated channels are permeable to Na+ and K+ in addition to 
Ca2+, we showed that the former two were unlikely to trigger 
independently the neurotoxicity observed in the present report, 
first, because substituting Na+ for choline (Fig. 2E) had little 
impact on glutamate neurotoxicity; second, because bath ap- 
plication of high K+ (simulating the changes in transmembrane 
K+ gradients following opening of K+-permeable channels) was 
not neurotoxic (Figs. 7, 8); third, because extracellular Ca2+ was 
essential to trigger glutamate neurotoxicity (Fig. 2B,C); and 
fourth, because having tested the effects of glutamate in variable 
concentrations of [Ca2+],, we showed that neurotoxicity was a 
function of transmembrane Ca2+ gradient rather than of any 
Ca*+-independent processes (which remained unaltered by vir- 
tue of the fixed glutamate challenge; Fig. 4A). 

The demonstration of the dependence of glutamate neuro- 
toxicity on extracellular Ca2+ (Fig. 2B.C) has generally been 
interpreted as a requirement for Ca2+ influx (see references in 
preceding paragraph), An interesting alternative is that extra- 
cellular Ca2+ could be required for the binding of glutamate to 
its receptor. This would explain the complete absence of neu- 
rotoxicity upon removal of extracellular Ca2+. However, current 
evidence is contrary to this hypothesis, because the binding of 
L-glutamate to kainate receptors is actually facilitated by re- 
moving extracellular Ca2+, whereas binding to other EAA re- 
ceptors is not greatly affected by either Ca*+ or Cl- (Dingledine 
et al., 1988). 

Interpretation of the source specificity hypothesis 

Our data point to the NMDA receptor channel as the most 
significant source for neurotoxic Ca2+ influx. Although the neu- 
rotoxic consequences of NMDA receptor activation are well 
recognized (Simon et al., 1984; Choi et al., 1987, 1988; Goldberg 
et al., 1987; Rothman and Olney, 1987; Barnes, 1988; Novelli 
et al., 1988; Ellren and Lehmann, 1989; Tecoma et al., 1989; 
Regan and Choi, 199 l), we were able to show quantitatively 
that this toxicity was not due to the ability of NMDA receptors 
to trigger greater initial [Ca2+], increases than other pathways, 
but rather to some other attribute specifically associated with 
NMDA-mediated Ca*+ influx. We suggest that the rate-limiting 
processes that trigger early Ca *+-dependent neurotoxicity may 
be preferentially associated with NMDA receptors. One possi- 
bility is that the molecules involved in those processes are phys- 
ically located in the submembrane region closely surrounding 
NMDA channels, and are thereby preferentially activated by 
CaZ+ influx through this source. Under this hypothesis, Caz+ 
influx through alternate sources such as voltage-gated Ca2+ 
channels would be insufficient to trigger cell death because these 
influx pathways aren’t linked with neurotoxic processes. By the 
time that Ca*+ diffuses from these alternate sources, the resultant 
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[Ca2+], in the vicinity of NMDA receptors and their associated 
trigger sites for Ca*+ neurotoxicity would not suffice to cause 
neurotoxicity (Fig. 11). Our findings may partly explain why 
certain Ca2+ blocking strategies, particularly those employing 
blockers of voltage-gated Ca*+ channels, are unsuccessful in 
preventing early neurotoxicity in vitro and in vivo (e.g., Kass et 
al., 1988; Shi et al., 1989; Madden et al., 1990; Weiss et al., 
1990): although these agents successfully lessen Ca*+ entry, Ca2+ 
influx through these pathways may not be neurotoxic, and might 
even have some beneficial effects on long-term neuronal calcium 
homeostasis and survivability (Gallo et al., 1987; Collins et al., 
1991). 

Implicit in the assumption that NMDA receptors are pref- 
erentially associated with neurotoxic processes is the notion that 
Ca2+ -dependent processes in neurons are compartmentalized 
along with specific Ca2+ influx pathways. There now exists sub- 
stantial evidence that Ca2+ fluxes in neurons are compartmen- 
talized both spatially and temporally. For example, Ca2+ chan- 
nels are strategically distributed throughout the plasma 
membrane so as to maximize Ca2+ influx in subcellular regions 
subserving relevant cellular functions (Lipscombe et al., 1988; 
Jones et al., 1989; Robitaille et al., 1990; Westenbroek et al., 
1998; Cohen et al., 199 1). Similarly, it is suggested that NMDA 
receptors are clustered throughout neurons on synapses (Jones 
and Baughman, 1991) dendritic spines (Connor et al., 1988; 
Muller and Connor, 1991), and neuronal somata (Jones et al., 
1990; 0. T. Jones, personal communication), thereby optimiz- 
ing Ca*+ fluxes in relevant areas. There is also confirmation that 
subcellular Ca2+ transients can have different temporal profiles 
in different compartments. For example, intense afferent stim- 
ulation can evoke long-lasting [Ca2+], gradients between hip- 
pocampal dendritic spines and dendritic shafts even in the ab- 
sence ofa physical diffusion barrier (Guthrie et al., 199 1; Muller 
and Connor, 199 1). 

Concurrently with evidence for compartmentalization of Ca*+ 
fluxes, studies have shown that activation of glutamate recep- 
tors, particularly of the NMDA subtype, is associated with ini- 
tiating a number of secondary processes known to occur in 
neuronal injury. These include the formation of free radicals 
(Pellegrini-Giampietro et al., 1990) initiation ofthe arachidonic 
acid cascade (Dumuis et al., 1988; Lazarewicz et al., 1990; San- 
feliu et al., 1990) and activation of proteases (Siman et al., 
1989), lipases (Farooqui and Horrocks, 199 l), and nitric oxide 
(Beckman, 1991; Dawson et al., 1991; East and Garthwaite, 
199 1). According to our hypothesis, rate-limiting substrates or 
enzymes governing these reactions may be found in high con- 
centrations near NMDA-gated channels. 

Our experimental paradigms relied on the assumption that 
[Ca*+], could be made to increase to equal levels by activating 
different Ca*+ influx pathways. However, due to limitations on 
the spatial and temporal resolution of our measurements, we 
cannot assume that equal [Ca>+], transients produced by differ- 
ent agonists reflected equal contributions to [Ca”], by Ca2+ 
influx, Ca*+ buffering, and Cal+ release from internal stores. 
Thus, it is conceivable that different agonists elicit comparable 
cytosolic [Ca2+], increases through different proportional con- 
tributions from critical Ca*+ compartments. However, this pos- 
sibility does not detract from our original conclusions. For ex- 
ample, we observed that given equivalent measurable [Ca*+], 
increases, glutamate was more neurotoxic than high K+. How- 
ever, it is currently believed that elevations in [Ca2+], caused 
by membrane depolarization (as with high K+) are almost ex- 

and sequestration. 

Figure I I. Schematic of the source specificity hypothesis relating CaZ+ 
influx, Ca2+ source, Ca2+-triggered neurotoxicity, and measured cyto- 
plasmic [Ca2+],. Neurotoxicity is assumed to be trigered in physical 
proximity to NMDA channels. Therefore, CaZ+ that d%Tuses from-non- 
NMDA channels reaches the vicinitv of NMDA recenters at insufficient 
concentrations to trigger neurotoxicfty. VSCC, voltage-gated Ca2+ chan- 
nel; NMDA-R, NMDA receptor channel complex. The arruw~ represent 
the magnitude of Ca2+ fluxes generated by VSCCs and NMDA-R. 

elusively mediated by Ca2+ influx (Thayer and Miller 1990), 
whereas measured [Ca”], increases following glutamate appli- 
cation may include a contribution from internally released CaZ+ 
(Murphy and Miller, 1988; Miller, 1992). Thus, given equal 
increases in total measured [Ca*+], , glutamate should evoke a 
lesser contribution to the [Ca2+], increase through Ca2+ influx. 
This reasoning lends further credence to the source specificity 
hypothesis, because it suggests that lesser Ca2+ fluxes through 
glutamate-gated channels trigger more neurotoxicity than great- 
er Ca2+ fluxes through voltage-gated Ca2+ channels. 

A theoretical corollary to the above is that [Ca*+], transients 
could be buffered with different efficiencies when they are trig- 
gered by different pathways. Under this assumption, when equal 
[Caz+]< transients are measured following high K+ and glutamate 
challenges, [Caz+], in the critical submembrane shell might be 
unequal due to less efficient buffering of one Ca2+ source as 
compared with the other. This hypothesis explains CaZ+ neu- 
rotoxicity in terms of the ability of a given Ca*+ influx pathway 
to raise submembrane [Ca*+],. This alternative to the source 
specificity hypothesis (Fig. 11) requires that cytoplasmic Ca2+ 
buffers be preferentially compartmentalized with a given class 
of Ca2+ sources, rather than requiring that these sources be 
colocalized with Ca2+ neurotoxicity “trigger sites.” A second 
theoretical possibility is that elevated [Ca2+], triggers neurotox- 
icity by acting synergistically with some undiscovered (gluta- 
mate-triggered, CaZ+ -independent) process associated specifi- 
cally with NMDA receptors. Under this possibility, neurotoxic 
Ca*+ elevations may be produced by mechanisms not involving 
influx specifically through NMDA receptor channels as long as 
[Ca2+], still reaches “toxic” levels in the vicinity of NMDA 
receptors. 

The timing of NMDA neurotoxicity 

Our experiments do not preclude the possibility that EAA tox- 
icity in spinal neurons can occur both through NMDA and non- 
NMDA glutamate receptor activation. Previous observations 
in cultured cortical and hippocampal neurons (Rothman et al., 
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1987: Koh and Choi. 19911 showed that selective blockade of transmitter-induced changes in intracellular Ca*+ of rat cerebellar 
non-NMDA receptors did not block early neuronal death trig- 
gered by brief (< 20 min) glutamate exposure at room temper- 
ature, whereas both NMDA and non-NMDA agonists could 
evoke delayed neurotoxicity (occurring several hours after ag- 
onist application). The observed preponderance of NMDA neu- 
rotoxicity in the present study may have been influenced by the 
short duration of our observation period, the relatively long 
duration of the agonist challenge (50 min), and the fact that all 
agonist exposures were performed at 36.5% rather than at room 
temperature. Our results showed that given equivalent Ca2+ 
loads, NMDA triggered neurotoxicity more rapidly than non- 
NMDA glutamate receptor agonists (Fig. 1OC). However, the 
timing and extent of maximal non-NMDA neurotoxicity in our 
experimental model remain subjects for future investigation. 

granule cells in explant cultures. J Neurosci 7: 1384-1400. 
Connor JA, Wadman WJ, Hockberger PE, Wong RKS (1988) Sus- 

tained dendritic gradients of calcium induced by excitatory amino 
acids in CA1 hippocampal neurons. Science 240:649-653. 

Dawson VL, Dawson TM, London ED, Bredt DS, Snyder SH (199 1) 
Nitric oxide mediates glutamate neurotoxicity in primary cortical 
cultures. Proc Nat1 Acad Sci USA 88:6368-637 1. 

Dingledine R, Boland LM, Chamberlin NL, Kawasaki K, Kleckner NW, 
Traynelis SF, Verdoom TA (1988) Amino acid receptors and uptake 
systems in the mammalian central nervous system. CRC Crit Rev 
Neurobiol 4: l-97. 

Dubinsky JM, Rothman SM (199 1) Intracellular calcium concentra- 
tion during “chemical hypoxia” and excitotoxic neuronal injury. J 
Neurosci 11:2545-255 1. 

Dumuis A, Sebben M, Haynes L, Pin JP, Bockaert J (1988) NMDA 
receptors activate the arachidonic acid cascade system in striatal neu- 
rons. Nature 336:68-70. 

East SJ, Garthwaite J (199 1) NMDA receptor activation in rat hip- 
pocampus induces cyclic GMP formation through the L-arginine- 
uitric oxide pathway: Neurosci Lett 123: 17-l 9. - 

Ellren K. Lehmann A (1989) Calcium deoendencv of N-methvl-o-as- 
Summary 

This report shows that early EAA-mediated neurotoxicity is 
dependent on the influx of Caz+ ions into neurons, and is her- 
alded by a failure to maintain Ca 2+ homeostasis. The likelihood 
of Ca2 + homeostatic failure and cell death is a function of trans- 
membrane Ca2+ flux, which is inadequately reflected by con- 
ventional [Ca2+], measurements. The chief predictors of neu- 
ronal death are the source of Ca2+ influx and the duration of 
agonist application. These must be taken into account in relating 
[Caz+], to neuronal survival outcome. In the case of the most 
neurotoxic Ca2+ source, the NMDA receptor channel, neuro- 
toxicity was not caused by its ability to cause greater measured 
[Caz+], increases than other Ca2+ sources, but rather by some 
attribute specific to the NMDA receptor channel complex. We 
hypothesize that this attribute consists of the physical colocal- 
ization of NMDA receptors with Ca2+-dependent rate-limiting 
processes that trigger neuronal degeneration. 
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